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ABSTRACT 


Chemical  looping  combustion  (CLC)  is  a  clean  energy  technology  for  C02  capture  that  uses  periodic  oxidation 
and  reduction  of  an  oxygen  carrier  with  air  and  a  fuel,  respectively,  to  achieve  flameless  combustion  and  yield 
sequestration-ready  C02  streams.  While  CLC  allows  for  highly  efficient  C02  capture,  it  does  not,  however,  provide  a 
solution  for  C02  sequestration. 

Here,  we  propose  chemical  looping  dry  reforming  (CLDR)  as  an  alternative  to  CLC  by  replacing  air  with  C02  as  the 
oxidant.  CLDR  extends  the  chemical  looping  principle  to  achieve  C02  reduction  to  CO,  which  opens  a  pathway  to  C02 
utilization  as  an  alternative  to  sequestration.  The  feasibility  of  CLDR  is  studied  through  thermodynamic  screening 
calculations  for  oxygen  carrier  selection,  synthesis  and  kinetic  experiments  of  nanostructured  carriers  using  cyclic 
thermogravimetric  analysis  (TGA)  and  fixed-bed  reactor  studies,  and  a  brief  model-based  analysis  of  the  thermal 
aspects  of  a  fixed-bed  CLDR  process. 

Overall,  our  results  indicate  that  it  is  indeed  possible  to  reduce  C02  to  CO  with  high  reaction  rates  through  the 
use  of  appropriately  designed  nanostructured  carriers,  and  to  integrate  this  reaction  into  a  cyclic  redox  (“looping”) 
process. 

©  2011  The  Institution  of  Chemical  Engineers.  Published  by  Elsevier  B.V.  All  rights  reserved. 
Keywords:  Chemical  looping;  C02  utilization;  Nanomaterials;  Fixed  bed  reactors;  Periodic  reactor  operation 


1.  Introduction 

Carbon  dioxide  (CO2)  is  widely  recognized  as  the  leading 
greenhouse  gas  (GHG)  contributor  to  global  warming.  Among 
anthropogenic  GHG  emissions,  combustion  of  fossil  fuels  is 
the  leading  cause  of  CO2  emissions,  constituting  ~80%  of  the 
national  U.S.  GHG  emissions  from  all  sources  on  a  CO2  equiva¬ 
lent  basis  (U.S.  E.P.A.,  2010).  Currently,  the  U.S.  is  deriving  ~83% 
of  total  energy  consumption  from  fossil  fuels,  and  no  signif¬ 
icant  change  is  anticipated  for  at  least  the  next  two  decades 
(U.S.  E.I.A.,  2010).  Worldwide  trends  mirror  those  in  the  U.S. 
closely.  Hence,  large  global  efforts  are  under  way  to  develop 
efficient  and  affordable  technologies  to  capture  and  sequester 
C02. 

Among  current  CO2  capture  methods,  chemical  looping 
combustion  (CLC)  is  a  particularly  promising  emerging  tech¬ 


nology,  which  combines  flameless  NOx-free  combustion  of 
fossil  or  renewable  fuels  with  the  efficient  production  of 
sequestration-ready  CO2  streams  (Hossain  and  de  Lasa,  2008; 
Ishida  and  Jin,  1994;  Lyngfelt  et  al.,  2001).  In  CLC,  an  oxy¬ 
gen  carrier,  typically  a  metal,  is  first  oxidized  with  air  in  one 
reactor  (oxidizer)  and  then  reduced  in  contact  with  a  fuel  in 
a  second  reactor  (reducer).  The  effluent  of  the  reducer  is  a 
virtually  pure  mixture  of  CO2  and  steam  so  that  following  con¬ 
densation  of  steam  a  high-pressure,  sequestration-ready  CO2 
stream  is  obtained  (Ishida  and  Jin,  1994).  However,  while  CLC 
is  a  highly  efficient  technology  for  CO2  capture,  it  does  not 
offer  a  solution  for  CO2  sequestration.  The  lack  of  a  secure 
and  proven  sequestration  technology  motivates  efforts  in  our 
laboratory  to  develop  alternate,  chemical-looping  derived  pro¬ 
cess  schemes,  including  the  incorporation  of  CO2  utilization 
within  a  CLC-based  process. 
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Nomenclature 

Cp  heat  capacity  (J/kgK) 

AHr  heat  of  reaction  (J/mol) 

M act  molecular  weight  of  reactive  component  in 

solid  carrier  (kg/mol) 

MCo2  molecular  weight  of  CO2  (kg/mol) 

T0  initial  temperature  (C) 

Tmax  maximum  temperature  (C) 

ATmax  maximum  temperature  rise  (C) 

vg  gas  velocity  (m/s) 

heat  front  velocity  (m/s) 
ur  reaction  front  velocity  (m/s) 

Wact  weight  fraction  of  reactive  component  in  solid 
carrier 

™lgco2  weight  fraction  of  CO2  in  the  feed 
p  density  (kg/m3) 

ss  porosity 

£  stoichiometric  factor  (ratio  of  number  of  moles 

of  gas  to  moles  of  solid  in  the  oxidation  reac¬ 
tion) 


One  alternative  chemical  looping  process  that  has  already 
been  explored  in  some  depth  is  chemical  looping  steam 
reforming  (CLSR),  which  has  been  proposed  as  a  means  of 
H2  production  with  integrated  CO2  capture  by  replacement  of 
air  with  steam  in  the  oxidizing  reactor  (Solunke  and  Veser, 
2010;  Takenaka  et  al.,  2005;  Zafar  et  al.,  2006).  Here,  we  pro¬ 
pose  chemical  looping  dry  reforming  (CLDR)  as  an  alternate 
CLC  process,  in  which  CO2  is  used  as  an  oxidant  instead  of  air 
or  steam.  The  CLDR  configuration  is  shown  in  Fig.  1.  Utilizing 
methane  as  a  fuel,  CLDR  produces  a  net  reaction  similar  to 
the  dry  reforming  of  methane  as  shown  below  where  the  sto¬ 
ichiometric  half-reactions  are  based  on  a  metallic  ‘M’  oxygen 
carrier: 

oxidizer  :  4M  +  4C02  -*  4MO  +  4CO  (Rl) 

reducer  :  4MO  +  CH4  ->  4M  +  C02  +  2H20  (R2) 

netreaction  :  CH4  +  3C02  -*  4CO  +  2H20  ((R3)  =  (Rl)  +  (R2)) 

(R3) 


Dry  reforming  is  one  of  the  more  established  pathways  for 
CO2  utilization.  For  example,  in  typical  methane  dry  reform¬ 
ing,  methane  (another  greenhouse  gas)  and  CO2  are  processed 
at  elevated  temperatures  (>700  °C)  over  a  catalyst  (typically 
nickel  or  a  noble  metal)  to  produce  syngas  with  a  maximum 
H2/CO  ratio  of  1  (Fan  et  al.,  2009;  Vernon  et  al.,  1992)  according 
to: 

CH4  +  C02  -*  2CO  +  2H2  (R4) 

Typical  challenges  with  current  dry  reforming  technolo¬ 
gies  are  catalyst  cost  and  deactivation  due  to  coking,  as  well 
as  product  selectivity  for  syngas  (Choudhary  and  Choudhary, 
2008;  Moon  et  al.,  2004). 

The  proposed  CLDR  process  differs  significantly  from  con¬ 
ventional  catalytic  dry  reforming  processes.  While  the  target 
of  conventional  dry  reforming  is  high  syngas  yield,  CLDR 
results  in  fundamentally  different  stoichiometry  (compare 
(R4)  to  (R3)),  with  the  target  of  maximum  CO  yield  and  no  selec¬ 
tivity  for  H2  (assuming  complete  combustion  of  the  fuel),  i.e. 
CLDR  yields  a  process  which  is  optimized  for  CO2  activation. 

Another  advantage  of  chemical  looping  dry  reforming  lies 
in  its  fuel  flexibility.  Chemical  looping  processes  can,  in  prin¬ 
ciple,  work  with  any  fuel  as  long  as  the  oxidized  carrier 
shows  sufficient  reactivity  with  this  fuel.  CLC  has  to-date  been 
demonstrated  with  methane  (Mattisson  et  al.,  2001;  Ryden  et 
al.,  2008),  synthesis  gas  (Mattisson  et  al.,  2007),  biofuels  (Cao  et 
al.,  2006),  and  even  direct  coal  feeds  (Leion  et  al.,  2007,  2009). 
In  contrast,  the  catalyst  in  catalytic  dry  reforming  is  highly 
sensitive  to  the  nature  of  the  fuel,  with  coking  and  selectiv¬ 
ity  forming  major  obstacles  for  industrial  realization  of  such 
processes. 

Finally,  CLDR  can,  in  principle,  handle  dilute  CO2  streams  as 
feed  for  the  oxidizer  (as  long  as  the  other  feed  gas  components 
do  not  negatively  interact  with  the  carrier,  i.e.  as  long  as  they 
are  essentially  chemically  inert),  while  yielding  a  highly  con¬ 
centrated  CO2  stream  at  exit  of  the  reducer.  Therefore,  CLDR 
can  be  conceptualized  as  a  process  that  also  concentrates 
dilute  streams  of  CO2. 

In  this  contribution,  we  present  results  from  a  proof-of- 
concept  study  which  aims  to  evaluate  the  potential  of  CLDR 
through  a  combination  of  thermodynamic  calculations  for  car¬ 
rier  selection,  synthesis  and  characterization  of  highly  active 
and  high-temperature  stable  nanostructured  oxygen  carriers, 


Fig.  1  -  Schematic  for  (left)  chemical  looping  combustion  (CLC)  and  (right)  chemical  looping  dry  reforming  (CLDR),  shown 
with  reduction  of  CO2  to  CO  and  full  oxidation  of  a  generic  carbon-based  fuel. 
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and  a  brief  reactor  modeling  study  to  evaluate  process  feasi¬ 
bility  in  a  periodically  operated  fixed-bed  reactor. 

2.  Results  and  discussion 

2.1.  Thermodynamic  screening  of  carriers 

A  key  issue  in  chemical  looping  processes  is  the  selection  of 
an  appropriate  oxygen  carrier  material.  The  reactivity  of  the 
carrier,  its  cost,  toxicity,  thermal  stability,  and  attrition  resis¬ 
tance  (in  the  most  common  circulating  fluidized  bed  reactor 
configuration  for  chemical  looping)  are  critical  selection  cri¬ 
teria.  For  chemical  looping  reforming  processes,  reactivity  is 
an  even  more  stringent  criterion  than  for  conventional  CLC, 
since  the  reactivity  of  H2O  or  CO2  as  oxidants  is  significantly 
lower  than  for  air  (i.e.,  oxygen). 

Thermodynamic  screening  calculations  were  conducted 
as  a  first  step  to  identify  suitable  metals  as  active  oxygen 
carrier  components.  A  broad  range  of  metals  was  analyzed 
using  commercial  software  (FACTS AGE  5.0)  to  determine  the 
thermodynamic  equilibrium  limitations  for  cyclic  carrier  oxi¬ 
dation  and  reduction  in  CLDR.  This  analysis  performs  a  Gibbs 
free  energy  minimization  of  the  reactant  and  product  mix¬ 
ture  at  fixed  temperature  and  pressure.  To  screen  for  suitable 
transition  metal  carrier  materials,  several  factors  were  con¬ 
sidered.  Firstly,  although  a  significant  number  of  transition 
metals  can  be  oxidized  by  CO2,  many  of  these  same  metals  fail 
to  exhibit  suitable  equilibrium  conversion  for  the  reduction 
reaction  with  a  range  of  fuels.  Additionally,  suitable  equi¬ 
librium  conversion  was  often  only  achieved  at  temperatures 
nearing  the  melting  points  of  the  metals.  Since  CLC  processes 
require  stable  oxygen  carrier  materials  that  can  undergo 
extended  high-temperature  oxidation-reduction  cycles  with 
reproducible  kinetics,  materials  that  were  only  reactive  above 
or  near  their  melting  points  were  eliminated.  Lastly,  cost  and 
material  toxicity  were  also  considered  in  the  selection. 

Table  1  shows  the  results  from  CO2  oxidation  screening 
experiments  for  transition  metals  that  were  shown  to  have 
exhibited  high  thermodynamic  carrier  conversion  (>20%)  in 
both  the  forward  and  reverse  reactions  over  a  range  of  tem¬ 
peratures.  The  table  lists  the  stoichiometric  capacity  for  CO2 
reduction  to  CO  in  g  CO2  per  mole  of  metal,  which  corresponds 
to  the  maximum  reduction  capacity  in  the  absence  of  equilib¬ 
rium  limitations,  in  addition  to  the  maximum  and  minimum 
reactor  operating  temperatures.  The  maximum  temperature 
represents  either  the  metal  melting  point,  as  is  the  case  for 
Cr-,  Mo-,  Nb-based  carriers,  or  the  lowest  temperature  at 
which  full  conversion  was  achieved  for  reduction  of  the  carrier 
with  methane  for  Co-,  Zn-,  Fe-based  carriers.  The  minimum 
temperature  is  defined  as  the  temperature  at  which  equilib¬ 


rium  conversion  for  carrier  reduction  with  methane  drops 
below  20%.  The  reduction  temperature  was  selected  as  the 
minimum  temperature  determinant  because  the  minimum 
temperatures  required  for  sufficient  carrier  reduction  were 
consistently  higher  than  for  carrier  oxidation.  The  minimum 
and  maximum  temperatures  given  in  Table  1  define  the  effec¬ 
tive  operating  range  for  a  CLDR  process  based  on  the  respective 
carrier. 

While  a  number  of  metals  give  reasonable  CO2  reduction 
capacity,  it  is  apparent  that  only  iron  gives  high  oxygen  stor¬ 
age  capacity  from  CO2  over  a  wide  operating  temperatures  The 
very  limited  operating  temperature  range  for  Mo  makes  its  use 
impractical,  while  Cr-  and  Nb-based  carriers  require  temper¬ 
atures  well  above  those  reasonable  for  reactor  operation,  and 
the  very  low  temperature  range  for  Co  is  prone  to  result  in 
unacceptably  slow  kinetics.  Iron-based  carriers,  which  com¬ 
bine  low  cost,  wide  availability,  and  low  toxicity,  were  thus 
selected  for  further  analysis. 

A  general  concern  in  CO2  reduction  processes  is  control 
of  the  degree  of  reduction.  This  is  particularly  true  in  any 
heterogeneously  catalyzed  CO2  reduction  process,  or  in  a  non- 
catalytic  gas-solid  reaction  such  as  the  presently  considered 
oxidation  of  a  metal  carrier  with  CO2.  CO2  reduction  can  result 
either  in  partial  reduction  to  CO  or  deep  reduction  to  elemen¬ 
tal  carbon  (C).  Since  the  formation  of  carbon  can  be  expected 
to  result  in  deposition  and  carrier  deactivation  due  to  active 
site  occlusion,  the  reduction  of  CO2  to  C  is  undesirable.  For 
this  reason,  the  degree  of  CO2  reduction,  i.e.  conversion  and 
selectivity  of  the  reduction  process  for  the  Fe-based  carriers 
was  studied.  Fig.  2  shows  the  equilibrium  CO2  conversion  in 
the  case  of  stoichiometric  CO2  supply  for  the  oxidation  of  Fe 
to  FeO,  Fe  to  Fe3C>4,  and  FeO  to  Fe3C4,  respectively,  along  with 
the  corresponding  selectivity  to  CO  over  a  temperature  range 
of  200-1000  °C.  Clearly,  while  CO2  conversion  remains  incom¬ 
plete  at  all  conditions,  fairly  high  conversions  (>50%  for  Fe 
and  >30%  for  FeO)  across  the  entire  temperature  range  show 
again  the  wide  operating  range  of  iron-based  carriers.  These 
data  demonstrate  the  process  flexibility  of  iron  as  a  carrier 
through  the  accessibility  of  three  different  oxidation  states 
of  iron  with  similar  CO2  conversion  trends,  albeit  with  dif¬ 
ferent  oxygen  carrying  capacities.  It  should  be  noted  that  the 
highest  oxidation  state  of  iron,  Fe203,  was  not  obtained  as 
a  thermodynamically  accessible  phase  at  any  of  the  investi¬ 
gated  conditions  with  CO2  as  oxidant,  indicating  the  reduced 
oxidation  capability  of  CO2  in  comparison  to  air. 

The  results  in  Fig.  2  show  an  almost  step-wise  change  in 
selectivity  of  the  CO2  reduction  from  deep  reduction  to  C  at 
temperatures  below  ~500°C  to  the  desired  reduction  to  CO  at 
temperatures  above  ~700°C  which  is  independent  of  the  ini¬ 
tial  and  final  states  of  the  carrier.  The  thermodynamic  results 
suggest  that  a  chemical  looping  process  for  reduction  of  CO2  to 
CO  should  be  operated  at  temperatures  above  ~700  °C.  The  sig¬ 
nificance  of  this  transition  will  be  discussed  further  in  relation 
to  the  reactivity  of  the  nanostructured  carriers  (see  Section 
2.4). 

Since  incomplete  carrier  conversions  were  obtained  at 
temperatures  above  ~700°C,  where  carbon  formation  was 
thermodynamically  unfavorable,  further  analysis  was  per¬ 
formed  to  test  what  excess  (i.e.,  over- stoichiometric)  feed  of 
CO2  would  be  required  to  shift  the  thermodynamic  equi¬ 
librium  in  the  CLDR  oxidation  reactor  towards  complete 
conversion  of  the  carrier  to  Fe3C>4.  The  calculations  were  per¬ 
formed  for  Fe  as  well  as  FeO  as  starting  points  of  the  oxidation, 
since  previous  studies  have  shown  that  for  some  fuels  com- 
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Fig.  2  -  Thermodynamic  calculations  with  CO2  conversion  (left)  for  oxidation  of  Fe  to  Fe304  (open  squares),  Fe  to  FeO 
(diamonds),  and  FeO  to  Fe304  (triangles)  with  stoichiometric  amount  of  CO2  for  corresponding  metal  oxidation  and 
reduction  to  CO,  and  reaction  selectivity  (right)  for  reduction  to  CO  for  Fe  to  Fe304  (open  squares),  Fe  to  FeO  (diamonds),  and 
FeO  to  Fe304  (triangles),  demonstrating  shift  in  selectivity  for  C02  reduction  to  CO  between  ~500  and  700  °C. 


plete  reduction  to  Fe  is  not  achievable  and  FeO  represents 
the  lowest  accessible  oxidation  state  in  the  chemical  looping 
process  (Mattisson  et  al.,  2001).  Here,  we  define  excess  CO2 
as  the  percentage  of  CO2  required  beyond  the  stoichiometric 
requirement  to  form  Fe304.  “0%  excess”  therefore,  represents 
full  conversion  to  Fe304  with  a  stoichiometric  feed  of  CO2, 
while  100%  excess  indicates  a  twofold  stoichiometric  supply 
of  CO2.  Results  are  shown  in  Fig.  3  as  a  function  of  temperature 
in  the  high- temperature  range  above  ~650  °C  where  complete 
selectivity  for  CO  is  attained. 

One  can  see  that  large  excess  of  CO2,  ranging  from  ~150 
to  200%  excess,  is  required  to  attain  full  conversion  of  Fe  to 
Fe304,  while  much  more  moderate  values  of  <30%  excess  are 
obtained  for  the  conversion  of  FeO  to  Fe304.  Thus,  although 
less  CO2  is  reduced  per  mol  of  iron  in  the  case  of  oxidation 
of  FeO  to  Fe304,  this  configuration  would  be  more  practical 
for  reactor  operation,  since  high  conversion  could  be  achieved 
with  low  excess  amounts  of  CO2.  It  should  be  mentioned,  how¬ 
ever,  that  the  thermodynamic  calculations  are  based  on  the 
assumption  of  a  closed  system,  i.e.  they  mimic  the  behav- 


Fig.  3  -  Stoichiometric  excess  of  CO2  (for  reduction  to  CO) 
required  for  complete  conversion  of  Fe  (filled  squares)  and 
FeO  (open  squares)  to  Fe304  for  temperatures  between  650 
and  900  °C. 


ior  of  a  reactor  system  in  which  the  gas  and  solid  phase  are 
co-moving  through  the  reactor  at  an  identical  speed.  Careful 
choice  of  a  suitable  reactor  configuration,  such  as  counter- 
current  gas  and  solid  phases  or  a  fixed-bed  reactor,  would 
result  in  gas-solid  contacting  patterns  in  which  the  carrier 
is  brought  into  contact  with  a  continuously  “refreshed”  gas 
phase,  allowing  the  reaction  to  continually  shift  towards  prod¬ 
uct  formation.  Such  a  configuration  would  hence  mimic  the 
situation  in  a  closed  system  with  strongly  over- stoichiometric 
gas  supply  (i.e.  the  configuration  for  the  calculations  in  Fig.  3) 
without  actually  requiring  the  excess  gas  feed. 

In  order  to  assess  the  thermodynamic  limits  during  the 
carrier  reduction  with  fuel,  similar  equilibrium  calculations 
were  conducted  for  the  reduction  reaction  using  methane  as 
the  fuel  in  the  reducer.  Fig.  4  shows  the  result  of  these  cal¬ 
culations  for  reduction  of  Fe3C>4  in  methane  over  a  range  of 
temperatures  from  600  to  1400  °C  (since  the  thermodynamic 


Fig.  4  -  Thermodynamic  calculations  for  carrier  reduction 
with  stoichiometric  supply  of  methane  for  reduction  of 
Fe304  to  FeO  (open  symbols)  or  Fe  (filled  symbols), 
respectively.  Shown  are  Fe304  conversion  (triangles)  and 
selectivity  to  FeO  (squares).  Increasing  methane  supply 
results  in  increased  conversion  and  deeper  reduction  of  the 
carrier. 
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calculations  for  oxidation  of  Fe  or  FeO  with  CO2  indicated  that 
Fe2C>3  was  not  a  product  in  this  process,  Fe2C>3  was  not  con¬ 
sidered  from  these  calculations).  For  reduction  of  the  carrier 
with  methane,  two  different  pathways  need  to  be  considered: 
Methane  can  either  be  combusted  to  CO2  and  H2O,  or  partially 
oxidized  to  CO  and  H2  (syngas).  The  respective  reactions  are 
shown  below  for  Fe304  as  the  oxidized  carrier  state  and  FeO  or 
Fe  as  the  reduced  state,  respectively.  The  calculations  in  Fig.  4 
are  based  on  a  stoichiometric  feed  of  methane  for  the  total 
oxidation  of  methane,  and  FeO  and  Fe  as  a  reduced  state  of 
the  carrier,  i.e.  the  two  stoichiometric  feeds  considered  corre¬ 
spond  to  the  two  combustion  reaction  stoichiometries  shown 
below: 

Combustion,  FeOasreducedstate  :  CH4  +  4Fe304  ->  CO2 
+  2H20  +  12FeO 

Combustion,  Feasreducedstate  :  CH4  +  Fe304  ->  CO2 
+  2H20  +  3Fe 

Partialoxidation,  FeOasreducedstate  :  CH4  +  Fe304 
CO  +  2H2  +  3FeO 

Partialoxidation,  Feasreducedstate  :  CH4  +  0.25Fe3O4 
->  CO  +  2H2  +  0.75Fe 

The  results  show  that  the  targeted  reduction  of  Fe304  to 
FeO  with  stoichiometric  methane  supply  results  in  increas¬ 
ing  conversion  with  increasing  temperature,  with  conversions 
>60%  at  temperatures  above  ~700°C.  In  this  case,  FeO  is  the 
only  reduction  product  for  the  carrier  (i.e.  SFeo  =  100%  at  all 
temperatures).  Conversely,  supplying  sufficient  methane  for 
stoichiometric  reduction  of  Fe304  to  Fe  results  in  full  carrier 
conversion  at  all  temperatures,  with  a  mixture  of  FeO  and 
Fe  as  reduction  products  and  >60%  selectivity  towards  FeO. 
Finally,  calculations  based  on  FeO  as  the  starting  material 
and  again  stoichiometric  supply  of  methane  for  total  oxi¬ 
dation  (not  shown)  results  in  conversions  below  ~35%  over 
all  temperatures,  with  zero-valence  Fe  as  the  only  accessi¬ 
ble  reduction  state.  Overall,  these  calculations  indicate  that 
the  most  efficient  CLDR  process  with  methane  as  the  fuel  will 
operate  between  Fe304  and  FeO  as  upper  and  lower  oxidation 
state  of  the  carrier,  respectively. 

The  incomplete  conversions  and  selectivities,  respectively, 
in  Fig.  4  indicate  that  the  reaction  pathway  in  methane  oxi¬ 
dation  over  iron  oxides  can  be  expected  to  be  a  mix  of  total 
and  partial  oxidation.  In  the  presently  proposed  process,  total 
oxidation  would  be  the  preferred  reaction  pathway  in  order  to 
maximize  the  reduction  potential  of  the  methane  feed  and  to 
obtain  a  pure  C02/steam  mix  at  the  exit  of  the  oxidizer  from 
which  sequestration-ready  CO2  streams  could  be  obtained  via 
steam  condensation. 

In  order  to  further  quantify  methane  oxidation  products, 
Fig.  5  shows  the  gas  phase  conversion  and  selectivity  for  Fe3C>4 
reacting  with  methane  at  the  stoichiometric  ratio  for  total  oxi¬ 
dation.  Although  the  overall  conversion  of  methane  is  very 
high  (>95%)  across  the  entire  temperature  range,  the  observed 
values  for  selectivity  are  poor.  Selectivity  for  total  oxidation 
products  increases  from  ~20%  at  900  °C  to  up  to  ~60%  at  650  °C. 
This  result  is  holds  regardless  of  stoichiometry  for  full  or  par¬ 
tial  oxidation  of  methane  (with  a  slight  increase  in  selectivity 
for  partial  oxidation  products  with  an  increase  methane  feed), 


Fig.  5  -  Methane  conversion  (squares)  with  stoichiometric 
methane  feed  for  full  oxidation  with  oxidized  carrier  Fe304, 
showing  temperature  dependent  selectivity  of  partial 
oxidation  over  full  oxidation  (H2  over  H2O  (open  triangles) 
and  CO  over  CO2  (filled  triangles)). 

and  points  out  a  limitation  of  operating  a  CLDR  process  with 
methane  as  the  fuel.  Additionally,  calculations  showed  that 
carbon  formation  is  also  predicted  in  the  reduction  reactor  for 
temperatures  below  650  °C  for  Fe3C4  reduction  with  a  stoichio¬ 
metric  methane  supply.  However,  we  have  previously  shown 
that  syngas  as  fuel,  for  example,  allows  essentially  complete 
conversion,  indicating  that  alternate  fuels  might  give  more 
encouraging  results  (Solunke  and  Veser,  2009).  The  proper 
reactor  flow  configuration,  as  discussed  above  for  the  carrier 
oxidation  with  CO2,  can  give  rise  to  a  gas-solid  contact  pat¬ 
tern  which  results  in  an  effective  over- stoichiometric  supply 
of  either  of  the  reactants  and  hence  in  higher  conversions  than 
those  predicted  from  closed  system  equilibrium  calculations. 

Overall,  the  thermodynamic  screening  calculations 
showed  that  Fe-based  carriers  are,  despite  some  shortcom¬ 
ings,  the  most  promising  carrier  materials,  and  Fe  was  hence 
chosen  for  subsequent  experimental  investigations. 

2.2.  Experimental 

Based  on  the  thermodynamic  analysis,  which  had  indicated 
that  iron  is  the  most  promising  carrier  material  for  a  CLDR 
process,  nanostructured  iron  carriers  were  synthesized  for 
experimental  evaluation  of  the  CLDR  process.  The  nanostruc¬ 
turing  of  the  carrier  was  chosen  since  CO2,  as  a  weak  oxidant, 
is  likely  to  result  in  slow  oxidation  kinetics  and  we  had 
previously  shown  that  nanostructuring  can  result  in  highly 
active  and  stable  oxygen  carriers  in  CLC.  (Kirchhoff  et  al., 
2005;  Solunke  and  Veser,  2009).  Iron-based  carriers  were  syn¬ 
thesized,  characterized,  and  evaluated  in  thermogravimetric 
analysis  (TGA)  and  fixed-bed  reactor  tests. 

2.3.  Synthesis  and  characterization 

One  obvious  challenge  with  this  work  stems  from  the  stability 
and  low  free  energy  of  the  CO2  molecule  and  its  correspond¬ 
ingly  low  activity  as  an  oxidant,  in  particular  when  compared 
to  air.  Ideally,  any  CLC  carrier  should  exhibit  fast  and  stable 
reaction  kinetics  in  addition  to  facilitating  complete  redox 
reactions  in  order  to  enable  high  reactor  throughput  and 
minimize  or  completely  avoid  downstream  gas  separation 
requirements.  While  the  oxidation  of  iron-based  materials 
with  CO2  has  previously  been  reported  in  the  literature,  the 
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Fig.  6  -  Typical  Fe-BHA  sample  showing  15-20  nm  iron  particles  (dark)  surrounded  by  barium  hexa-aluminate  support  (grey) 
(left);  and  nitrogen  sorption  isotherm  (right). 


reported  rates  are  low  and  indicate  the  need  for  a  suitable 
carrier  formulation  to  accelerate  the  reaction  (Tamaura  and 
Tabata,  1990;  Akanuma  et  al.,  1993;  Yamasue  et  al.,  2007). 
As  to  the  reduction  reaction,  iron  has  previously  been  eval¬ 
uated  as  a  carrier  in  CLC  for  methane  combustion,  showing 
that  the  reduction  half-reaction  of  the  CLDR  loop  should  be 
achievable  with  an  iron-based  material  (Mattisson  et  al.,  2001). 
However,  iron  oxides  are  well  known  to  form  dense  oxide 
over-layers  which  severely  slow  down  the  oxidation  kinetics 
and  limit  accessibility  of  bulk  iron.  Furthermore,  due  to  the 
high-temperature  conditions  of  chemical  looping  processes, 
high-temperature  stability,  i.e.  strong  resistance  to  sintering, 
is  a  significant  concern. 

We  have  previously  shown  that  nanostructuring  can  result 
in  highly  stable  and  active  catalysts  and  oxygen  carriers 
(Kirchhoff  et  al.,  2005;  Solunke  and  Veser,  2009),  and  applied 
the  same  approach  here  towards  the  synthesis  of  nanostruc- 
tured  Fe-BHA  (BHA  =  barium  hexaaluminate)  oxygen  carriers. 

The  synthesis  is  based  on  a  reverse  microemulsion- 
templated  sol-gel  process  in  which  metal  nanoparticles  are 
synthesized  simultaneously  with  a  ceramic  matrix  via  a  one- 
pot  approach  (Kirchhoff  et  al.,  2005).  An  aqueous  metal  salt 
solution  of  (Fe(N03)3-9H20  (99.999%)  is  mixed  with  iso-octane 
(2,2,4-trimethylpentane,  99.7%),  a  surfactant  (polyethylene 
oxide) -block-poly (propylene  oxide) -block-poly (ethylene  oxide), 
Aldrich)  and  a  co-surfactant  (1-pentanol  (99+%)).  Aluminum 
isopropoxide  and  barium  isopropoxide  (both  99.9%)  are  dis¬ 
solved  at  a  stoichiometric  ratio  of  1-12  under  inert  gas  as 
precursors  of  barium  hexaaluminate  (BHA),  a  high  tempera¬ 
ture  stabilized  alumina  (Inoue  et  al.,  1997).  The  isopropoxides 
are  then  added  to  the  reverse  microemulsion  where  they 
migrate  into  the  water  micelles  and  hydrolyze.  In  parallel,  the 
metal  salt  forms  metal  nanoparticles,  which  remain  embed¬ 
ded  in  the  porous  BHA  framework.  The  reverse  microemulsion 
is  aged  for  ~48  h,  and  then  separated  by  temperature-induced 
phase  separation.  The  product  phase  undergoes  several  wash¬ 
ing  steps  with  acetone,  followed  by  volatile  removal  via 
freeze-drying.  The  final  product  consists  of  a  dry  powder, 
which  is  calcined  for  5h  at  500-900  °C  to  generate  the  final 
carrier  material. 

The  nanostructured  carriers  were  characterized  by  X-ray 
diffraction  (XRD),  nitrogen  sorption  (BET),  and  transmission 
electron  spectroscopy  (TEM,  JEOL  200).  A  typical  TEM  image  of 
calcined  material  is  shown  in  Fig.  6  (left),  where  Fe  particles  of 
15-20  nm  size  are  surrounded  by  an  amorphous  BHA  matrix. 
The  N2  adsorption  isotherm  shown  in  Fig.  6  (right)  shows  a 
typical  hysteresis  corresponding  to  type-IV  mesoporous  mate¬ 


rial  with  a  broad  pore  distribution,  with  pore  sizes  between  10 
and  50  nm,  that  facilitate  access  to  the  active  carrier  mate¬ 
rial  by  the  reactive  gases.  BET  surface  areas  after  calcination 
at  600  °C  between  100  and  150m2/g.  All  carriers  used  in  the 
present  study  had  a  weight  loading  of  40  wt%  Fe. 

2.4.  Reactive  tests 

To  test  the  reactivity  of  these  nanostructured  Fe-BHA  carrier 
materials,  thermogravimetric  analysis  (TGA)  and  fixed-bed 
reactor  studies  were  conducted  using  hydrogen  as  a  model 
fuel.  This  fuel  was  chosen  to  avoid  complications  due  to  com¬ 
petition  between  partial  vs.  total  oxidation  pathways  when 
using  methane  as  fuel  (as  identified  in  the  thermodynamic 
analysis  above),  and  hence  to  focus  on  the  oxidation  of  the  car¬ 
rier  using  C02  as  an  oxidant  as  well  as  on  the  stability  of  the 
carrier  in  cyclic  redox  operation.  Coincidentally,  using  hydro¬ 
gen  as  fuel  in  CLDR  results  effectively  in  reverse  water-gas 
shift  (RWGS)  as  net  reaction:  C02  +  H2  =  C02  +  H20.  While  this 
reaction  is  of  some  industrial  interest,  the  use  of  hydrogen  is 
based  entirely  on  the  fact  that  it  is  a  convenient,  highly  reactive 
model  fuel  with  a  single  oxidation  pathway. 

Initial  reactivity  tests  consisted  of  thermogravimetric  anal¬ 
ysis  (TGA)  of  Fe-BHA  material  with  C02  as  the  oxidant,  H2  as 
the  reducing  gas,  and  an  Ar  gas  purge  phase  between  oxida¬ 
tion  and  reduction  phases.  It  should  be  noted  that  unlike  for 
CLC,  where  the  purge  phase  is  critical  in  order  to  avoid  uncon¬ 
trolled  mixing  of  oxygen  with  fuel  upon  switching  between 
oxidation  and  reduction  phases,  CLDR  does  not  require  such  a 
purge  phase  and  it  is  added  in  the  experiments  purely  for  the 
purpose  of  attaining  separated  gas  phase  signals  from  each 
half-cycle. 

Fig.  7  shows  the  sample  weight  versus  time  during  oxida¬ 
tion  of  a  40  wt%  Fe-BHA  carrier  sample  at  three  temperatures 
(600,  700,  and  800  °C).  One  can  see  that  the  reduced  and  oxi¬ 
dized  sample  weights  (i.e.  lowest  and  highest  sample  weights, 
respectively)  agree  within  experimental  error  between  all 
three  experiments,  indicating  that  the  same  degree  of  conver¬ 
sion  is  achieved  in  all  cases.  Furthermore,  the  sample  weight 
increases  initially  very  rapidly,  and  then  slows  down  before 
reaching  the  final  value.  This  is  particularly  pronounced  at 
the  lower  two  temperatures,  while  the  kinetics  at  the  highest 
temperature  of  800  °C  show  a  much  faster,  almost  step-wise 
transition  from  the  reduced  to  the  oxidized  state  within  ~2  to 
3  min. 

Carrier  conversion  in  TGA  can  be  defined  as 
X  =  (Mt  -Mred)/(M0x  -Mred),  where  Mt  represents  the  sample 
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Fig.  7  -  Time  traces  for  oxidation  of  40  wt%  Fe-BHA  with 
CO2  at  three  different  temperatures  in  TGA. 

mass  at  time  t,  Mred  is  the  mass  of  the  fully  reduced  sample, 
and  Mox  the  mass  of  the  fully  oxidized  sample.  Hence,  X  =  0 
corresponds  to  the  fully  reduced  carrier  and  X  =  1  corresponds 
to  a  fully  oxidized  carrier.  This  renormalizes  the  above 
curves,  and  allows  calculation  of  a  conversion  rate,  dX/dt,  by 
computing  the  time  derivative  of  the  conversion  time  traces. 

Fig.  8  shows  the  results  of  these  calculations  as  rate  dX/dt 
versus  time  t.  Again,  the  fast  initial  rate  of  oxidation  is 
apparent  with  a  subsequent  slow-down  of  the  oxidation  rate. 
Strikingly,  however,  the  rate  is  only  mildly  increased  upon  rais¬ 
ing  the  temperature  from  600  to  700  °C,  and  then  shows  a  very 
strong  increase  from  700  to  800  °C.  It  is  interesting  to  review 
this  observation  in  connection  with  the  thermodynamic  cal¬ 
culations  given  in  Fig.  2.  The  temperature  range  between  600 
and  800  °C  corresponds  to  a  range  where  thermodynamics  pre¬ 
dicts  a  transition  in  the  selectivity  of  the  oxidation  reaction 
from  carbon  to  CO  as  the  main  product.  Thus,  the  transition 
to  the  much  faster  oxidation  at  800  °C  may  be  associated  with 
this  switch  in  the  reaction  path,  either  because  the  reduction 
of  CO  to  C  is  much  slower  than  the  first  oxygen  abstraction 
such  that  overall  carrier  oxidation  is  slower,  or  because  the 
formation  of  carbon  at  lower  temperatures  results  in  carbona¬ 
ceous  residues  on  the  sample  surface  that  leads  to  an  overall 
slower  reaction  due  to  mass  transfer  limitations.  The  obser¬ 
vations  from  the  fixed-bed  reactor  experiments  discussed 
below  suggest  that  small  amounts  of  carbonaceous  deposits 
are  indeed  present,  supporting  the  second  explanation.  How- 
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Fig.  8  -  Reaction  rates  during  oxidation  of  a  40  wt%  Fe-BHA 
carrier  sample  with  C02  for  temperatures  600-800  °C,  as 
calculated  from  the  data  in  Fig.  7. 
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Fig.  9  -  Fixed -bed  reactor  cycles  (top  graph)  and  single  cycle 
(bottom  graph)  at  700  °C  with  Fe-BHA  oxidation  in  C02  and 
reduction  in  H2  (as  a  model  fuel,  on  separate  axis),  showing 
chemical  looping  operation  resulting  in  RWGS  reaction  and 
demonstrating  stable  operation  for  C02  carrier  oxidation. 


ever,  the  fact  that  the  sample  weight  is  essentially  unchanged 
with  temperature  indicates  that  the  amount  of  these  carbon 
deposits  must  be  small. 

Following  the  cyclic  TGA  experiments,  the  Fe-BHA  sam¬ 
ples  were  subjected  to  cyclic  reduction-oxidation  in  a  fixed 
bed  reactor  configuration.  220  mg  of  Fe-BHA  were  loaded  into 
a  quartz-glass  tube  (1/4"  I.D.)  and  placed  horizontally  in  an 
electric  oven.  This  system  was  heated  to  700  °C  in  Ar  and 
then  alternating  phases  of  H2  and  C02  were  contacted  with 
the  Fe-based  carrier  at  a  flow  rate  of  5  seem  at  700  °C  for  six 
~30min  oxidation  and  reduction  cycles.  Reduction  and  oxi¬ 
dation  half-cycles  were  again  separated  by  an  Ar  purge  phase. 
The  product  gases  were  monitored  via  mass  spectrometry 
(Pfeiffer  Omnistar  QMS  200). 

Fig.  9  shows  all  6  cycles  along  with  a  more  detailed  break¬ 
out  of  a  single  cycle.  The  results  show  stable  cyclic  operation  of 
the  carrier  as  apparent  from  the  unchanged  product  gas  traces 
for  the  entire  duration  of  the  experiment  (~10h).  Review  of  a 
single  cycle  shows  a  fast  onset  of  CO  formation  in  the  reac¬ 
tor  effluent  as  a  result  of  C02  reduction  during  the  oxidation 
half-cycle,  followed  by  a  slow  decay  for  the  CO  signal  over  the 
next  ~20min  of  operation.  Similarly,  C02  conversion  is  very 
high  (>90%)  over  the  first  ~10  min  of  the  oxidation  phase,  and 
then  decreases  in  parallel  with  the  decreasing  CO  formation. 
Clearly,  in  order  to  attain  high  CO  yields,  the  oxidation  phase 
should  be  stopped  after  ~10min  of  operation  and  the  reactor 
should  be  switched  to  the  reduction  phase. 
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During  the  reduction  half-cycle,  one  can  see  similar  trends 
as  during  oxidation:  a  very  fast  onset  of  H2O  formation  indi¬ 
cates  fast  reduction  of  the  carrier,  transitioning  to  slower 
reduction  after  ~15  min,  i.e.  halfway  through  the  cycle.  Inter¬ 
estingly,  continued  water  formation  indicates  that  even  after 
30  min,  i.e.  at  the  end  of  the  reduction  half-cycle,  the  carrier 
is  not  yet  completely  reduced.  Hydrogen  conversion  remains 
incomplete  at  all  times  throughout  the  reduction  half-cycle, 
indicating  that  slower  flow  rates,  i.e.  increased  contact  times, 
would  be  preferable  for  efficient  reactor  operation.  By  limiting 
the  oxidation  and  reduction  half-cycles  to  the  first  ~10min 
each,  and  by  adjusting  the  feed  flow  rates,  CO  yields  and  H2 
conversion  could  potentially  be  maximized,  however,  at  the 
expense  of  carrier  utilization. 

Finally,  a  small,  but  reproducible,  CO  pulse  at  the  very 
onset  of  the  reduction  cycle  indicates  the  presence  of  a 
small  amount  of  carbon  on  the  sample,  which  is  gasified 
by  the  steam  formed  during  carrier  reduction.  This  is  in 
agreement  with  the  interpretation  of  the  TGA  experiments, 
discussed  above,  as  well  as  with  the  results  of  the  ther¬ 
modynamic  analysis  indicating  that  700  °C  is  roughly  the 
upper  temperature  range  at  which  carbon  formation  must  be 
expected. 

Overall,  the  TGA  and  fixed-bed  reactor  experiments  indi¬ 
cate  that  CLDR  with  Fe-based  carriers  could  potentially  be  a 
feasible  process.  However,  the  relatively  low  reactivity  of  both 
C02  as  well  as  Fe,  and  the  potential  for  carbon  formation  will 
require  careful  design  and  operation  of  such  a  process. 

2.5.  Fixed  bed  reactor  calculations 

The  most  commonly  discussed  reactor  configuration  for 
chemical  looping  processes  is  a  two-reactor  circulating  flu¬ 
idized  bed  (CFB)  configuration.  Although  CFB  operation  is 
known  to  provide  excellent  heat  and  mass  transfer  character¬ 
istics,  which  are  critical  for  CLC,  CFBs  also  present  significant 
operational  challenges  with  regard  to  oxygen  carrier  trans¬ 
port  and  particle  attrition  (Lyngfelt  et  al.,  2001).  Alternatively, 
CLC  operation  in  a  cyclically  operated  fixed  bed  reactor  (FBR) 
has  also  been  proposed,  although  heat  management  is  a  prob¬ 
lem  in  this  case  (Noorman  et  al.,  2007).  However,  in  chemical 
looping  reforming  processes,  the  heat  of  the  carrier  oxida¬ 
tion  reaction  is  substantially  reduced,  therefore  reducing  the 
probability  of  obtaining  hot  spot  formation  in  the  fixed  bed, 
and  unacceptable  temperature  maxima  in  the  cyclic  oper¬ 
ation  of  the  reactor.  In  fact,  since  dry  reforming  is  overall 
endothermic,  the  use  of  a  FBR  system  is  expected  to  be 
advantageous  since  the  heat  generated  from  the  exothermic 
oxidation  half-cycle  is  regeneratively  transferred  via  the  oxy¬ 
gen  carrier  to  the  subsequent  endothermic  reduction  step, 
resulting  in  highly  efficient  heat  integration  between  the  two 
half  cycles  (Neumann  and  Veser,  2005;  Liu  et  al.,  2009;  Veser, 
2010).  Indeed,  heat  integration  through  the  use  of  periodically 
operated  fixed  bed  reactor  systems  for  endothermic  reactions 
has  been  previously  proposed  by  others,  for  counter-current 
flow,  and  has  been  shown  to  result  in  super  adiabatic  temper¬ 
atures  at  autothermal  conditions  (Glockler  et  al.,  2004;  Kolios 
et  al.,  2000). 

Here,  we  consider  a  simple  fixed-bed  reactor  operation 
in  which  the  bed  is  operated  periodically  between  oxidation 
with  CO2  and  reduction  with  methane  in  a  co-current  con¬ 
figuration,  giving  rise  to  traveling  gas  and  temperature  waves 
through  the  reactor.  Such  a  configuration  entirely  avoids  car¬ 
rier  attrition  and  separation  issues,  which  form  the  main 


concern  in  current  CFB  CLC  process  development,  but  the  ther¬ 
mal  dynamics  of  the  system  requires  consideration  in  order  to 
avoid  unacceptable  maximum  temperatures. 

A  simplified  heat  and  mass  transfer  model  for  CLDR  opera¬ 
tions  is  analyzed  in  the  following.  The  model  was  originally 
developed  by  Kuipers  and  coworkers  for  conventional  CLC 
(Noorman  et  al.,  2007),  and  later  adapted  by  Solunke  and  Veser 
(2010)  for  chemical  looping  steam  reforming  (CLSR).  The  cal¬ 
culations  presented  here  are  based  on  a  dynamic  analysis 
of  the  pseudo-homogeneous  energy  balance  for  a  fixed-bed 
CLC  process.  Noorman  et  al.  demonstrated  that  this  energy 
balance  can  be  solved  analytically  given  several  simplifying 
assumptions.  Here  we  will  briefly  review  the  model  derivation 
by  Kuipers  and  coworkers,  adapted  for  our  dry  reforming  pro¬ 
cess.  The  maximum  temperature  excursions  in  the  bed  can  be 
directly  derived  from  the  energy  balance  given  the  following 
assumptions:  it  is  assumed  that  the  carrier  in  the  fixed-bed 
is  initially  in  its  reduced  form  (FeO),  and  reacts  with  the 
CO2  instantaneously,  i.e.  with  an  infinitely  fast  reaction  rate, 
until  complete  carrier  conversion  is  attained.  Similarly,  instan¬ 
taneous,  complete  reaction  of  Fe3C>4  with  methane  during 
for  the  reduction  phase  is  assumed.  While  neither  assump¬ 
tion  (infinite  reaction  rate  or  complete  conversion)  is  strictly 
true  in  our  case,  as  seen  in  the  thermodynamic  calcula¬ 
tions  and  reactor  experiments  above,  the  analysis  based  on 
these  assumptions  will  yield  a  worst-case  estimate  for  the 
maximum  temperatures  that  can  be  expected  in  the  pro¬ 
cess. 

The  coupling  between  the  gas-solid  reaction  and  the  con¬ 
vective  gas  flow  results  in  the  formation  of  two  spatially 
separated  travelling  wave  fronts  which  move  through  the  reac¬ 
tor  with  different  front  velocities.  Assuming  all  of  the  heat 
within  the  solid  material  is  transferred  to  the  gas  phase  at  the 
heat  front  and  all  C02  in  the  feed  reacts  instantaneously  with 
the  solid  carrier,  these  front  velocities  are  given  as: 


vh 


PgVgCp^g 

£ps  CpjS 


and 


^guglugnco2Mact 

£sPsU7actMco2£ 


(for  the  meaning  of  the  variables  please  see  section  ‘Nomen¬ 
clature’).  The  first  is  the  velocity  of  the  heat  front  (u^),  and  the 
second  is  the  velocity  of  the  reaction  front  (ur),  where  the  oxi¬ 
dant  (CO2)  reacts  with  the  reduced  oxygen  carrier  (FeO).  It  is 
assumed  that  the  heat  capacity  of  the  gas  and  the  solid  (Cp>g 
and  CpjS)  and  the  solid  density  (ps)  are  constant,  and  that  the 
influence  of  pressure  drop  over  the  fixed  bed  and  the  variation 
of  the  mass  flow  rate  can  be  neglected.  Since  the  heat  capacity 
of  the  reactants  (Cp>g)  is  only  weakly  dependent  on  tempera¬ 
ture  over  the  temperature  range  of  interest,  an  average  value 
Cp>g  was  utilized  and  the  calculations  are  not  dependent  on  a 
specific  reference  temperature. 

Assuming  furthermore  that  the  gas  phase  volumetric  heat 
capacity  is  negligible,  the  heat  produced  by  the  oxidation  of 
the  oxygen  carrier  is  taken  up  entirely  by  the  solid  carrier,  and 
the  energy  balance  can  then  be  written  as 
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Fig.  10  -  Maximum  temperature  change  in  FBR  during 
reduction  with  oxidation  with  air  and  CO2  and  reduction 
with  methane  or  H2  as  function  of  the  weight  fraction  of 
active  component  (FeO)  in  the  carrier. 


Combining  Eqs.  (1)  and  (2)  into  (3)  and  gives  the  maximum 
temperature  rise  in  the  bed: 


AT 


max 


(T 


max  — 


_ -AHr _ 

(CpjSMact/Wact$)  —  (Cp,gMc02/^qnco2) 

(4) 


As  already  pointed  out  by  Noorman  et  al.,  the  maximum 
temperature  rise  is  independent  of  the  gas  flow  velocity,  due 
to  the  assumption  that  the  heat  capacity  of  the  gas  phase  is 
small  in  comparison  to  the  solid  phase,  which  results  in  negli¬ 
gible  convective  heat  transport  with  the  gas  flow  Furthermore, 
Eq.  (4)  does  not  account  for  the  influence  of  the  reaction  rate 
on  the  maximum  temperature  rise,  which  is  a  result  of  the 
assumption  of  an  essentially  instantaneous  reaction  and  will 
hold  as  long  as  the  reaction  rate  is  sufficiently  fast  (Noorman 
et  al.,  2007).  While  the  incomplete  conversions  observed  in 
our  experiments  will  result  in  significant  dampening  of  the 
temperature  maxima  as  compared  to  the  model  results,  the 
fast  onset  of  the  reactions  and  high  reaction  rates,  particularly 
during  the  first  phase  of  reduction  and  oxidation,  respectively, 
can  be  expected  to  satisfy  the  present  assumption.  Lastly,  in 
agreement  with  our  thermodynamic  analysis  above,  FeO  was 
assumed  as  the  reduced  state  of  the  carrier  and  Fe304  as  the 
oxidized  state. 

Fig.  10  shows  the  maximum  temperature  change  during  the 
reduction  of  a  iron-based  carrier  with  methane  as  fuel  along 
with  the  maximum  temperature  rise  during  oxidation  of  the 
carrier  with  CO2  and,  for  comparison,  with  air  as  a  function  of 
the  weight  fraction  of  FeO  in  the  oxygen  carrier.  As  expected, 
the  maximum  temperature  rise  in  the  reactor  during  carrier 
oxidation  is  dramatically  lowered  upon  switching  from  air  to 
CO2  as  oxidant.  While  temperature  maxima  for  oxidation  with 
air  exceeds  300  °C,  the  temperature  rise  during  oxidation  with 
CO2  never  increases  above  50  °C.  Clearly,  hot  spots  or  temper¬ 
ature  peaks  are  unlikely  to  pose  a  concern  in  a  fixed-bed  CLDR 
process. 

In  fact,  the  temperature  maxima  in  Fig.  10  illustrate  another 
important  aspect  of  CLDR.  Since  the  process  yields  methane 
dry  reforming  as  overall  reaction,  it  is  a  strongly  endothermic 
process,  as  apparent  in  the  fact  that  the  temperature  minima 


in  the  oxidizer  exceed  the  maxima  in  the  reducer  (in  terms  of 
absolute  values).  In  practice,  the  process  could  be  operated  via 
externally  fired  reactors,  as  done  in  industrial  steam  reform¬ 
ing  of  methane.  However,  this  would  counter  the  intent  of  the 
process  as  a  net  CO2  consumer,  since  this  combustion  process 
would  again  result  in  CO2  emissions.  Alternatively,  the  pro¬ 
cess  could  be  rendered  autothermal  by  co-feeding  oxygen  with 
CO2  as  co-oxidizer,  in  close  analogy  to  industrial  autother¬ 
mal  methane  reforming  (Rostrup-Nielsen,  2002).  The  overall 
reaction  hence  would  give: 

CH4  +  yC02  +  (3  -  y)/202  ->  (l  +  y)CO  +  2H20 

A  thermodynamic  analysis  yields  y  =  1.83  in  order  to  attain 
a  thermo-neutral  reaction,  i.e.  in  practice  the  process  would 
require  slightly  lower  values  of  y  in  order  to  attain  a  mildly 
exothermal  process  for  autothermal  operation. 

In  CLDR,  several  alternate  schemes  for  this  oxygen  co¬ 
feed  are  possible:  The  oxygen  could  be  directly  co-fed  with 
CO2  to  the  oxidizer,  or  it  could  be  fed  with  methane  to  the 
reducer.  Clearly,  the  latter  is  the  more  favorable  configu¬ 
ration,  since  it  reduces  the  endothermicity  of  the  reducer 
reaction,  which  minimizes  the  temperature  swing  between 
the  oxidation  and  reduction  half-cycles.  Since  the  required 
methane/oxygen  mixture  would  be  well  above  the  fuel-rich 
flammability  limit,  process  safety  would  not  be  a  signifi¬ 
cant  concern.  Furthermore,  co-feeding  oxygen  with  methane 
would  allow  an  increase  in  fuel  conversion  and  improve 
selectivity  towards  total  oxidation  products  while  aiding  in 
removing  any  potential  carbon  residues,  i.e.  it  would  help  to 
overcome  some  of  the  issues  identified  above  in  our  thermo¬ 
dynamic  analysis  and  in  the  reactor  experiments. 

As  for  the  oxygen  source,  oxygen  could  either  be  fed  as 
air  or  as  a  pure  O2  stream.  Feeding  air  would  be  preferable 
from  a  cost  perspective.  However,  it  would  result  in  a  strong 
dilution  of  the  CO2  stream  from  the  reducer  with  ~70vol% 
N2  after  steam  condensation  (assuming  complete  conversion 
of  methane  to  total  oxidation  products),  counter-acting  the 
intent  of  the  process  to  yield  sequestration-ready  CO2  streams 
on  the  reducer  side.  Hence,  efficient  process  operation  would 
require  a  purified  oxygen  feed  at  the  expense  of  process  oper¬ 
ating  cost. 


Fig.  11  -  Maximum  temperature  increase  in  a  fixed-bed 
reactor  during  oxidation  with  CO2  vs.  FeO  loading  of  the 
carrier,  showing  the  effect  of  CO2  weight  fraction  in  the 
reactor  feed. 
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As  previously  discussed,  the  operation  of  CLDR  with  dilute 
CO2  streams  also  poses  an  intriguing  possibility  for  utilization 
of  such  dilute  CO2  streams  on  the  oxidizer  side  while  produc¬ 
ing  highly  concentrated,  sequestration-ready  CO2  streams  on 
the  reducer  side.  In  this  case,  however,  the  fraction  of  CO2 
in  the  oxidizing  stream  will  impact  the  temperature  rise  in 
the  system.  This  is  shown  in  Fig.  11,  where  the  maximum 
temperature  rise  during  oxidation  with  CO2  is  shown  again 
as  a  function  of  the  FeO  weight  loading  of  the  carrier  for  a 
range  of  CO2  mass  fractions  in  the  oxidizing  feed  stream  (the 
balance  is  assumed  to  be  inert  gas).  The  maximum  temper¬ 
ature  is  only  weakly  affected  by  the  change  in  oxidizing  gas 
composition,  supporting  the  feasibility  of  a  CLDR-based  pro¬ 
cess  that  would  be  operated  with  dilute  CO2  feed  streams. 
Beyond  offering  activation  of  CO2  as  alternative  to  CO2  seques¬ 
tration,  CLDR  hence  opens  the  possibility  to  operate  with 
dilute  CO2  streams  (including,  potentially,  power  plant  flue 
gases)  that  would  otherwise  require  expensive  separation 
for  CO2  concentration  before  being  considered  for  sequestra¬ 
tion. 

3.  Conclusions 

Carbon  capture  and  sequestration  is  a  key  element  in  address¬ 
ing  the  challenges  posed  by  climate  change.  Truly  sustainable 
approaches  towards  solving  the  current  imbalance  in  the 
global  carbon  cycle,  however,  should  preferentially  be  built 
around  “carbon  reuse”  through  CO2  activation  and  utilization 
instead  of  sequestration.  In  the  present  work,  we  proposed 
and  investigated  the  feasibility  of  a  novel  “chemical  looping 
dry  reforming”  (CLDR)  process,  which  combines  CO2  capture 
with  CO2  activation  in  one  integrated  process.  The  process  is 
built  on  the  principle  of  chemical  looping  combustion  (CLC)  in 
which  a  solid  “oxygen  carrier”  is  used  as  oxygen  transfer  agent 
between  an  oxidant  and  a  fuel.  By  replacing  air  with  CO2  as 
oxidant,  CLDR  results  in  the  activation  of  CO2  via  reduction  to 
CO  on  the  oxidizer  side  of  the  process,  while  maintaining  the 
well-established  capability  of  CLC  of  capturing  highly  concen¬ 
trated  CO2  streams  without  the  need  for  further  separation 
steps. 

Using  thermodynamic  screening  calculations,  iron-based 
carriers  were  identified  as  the  most  promising  candidates 
for  CLDR,  despite  limitations  in  conversion  and  selectivity  in 
particular  when  using  methane  as  fuel.  Thermogravimetric 
analysis  (TGA)  and  fixed-bed  reactor  studies  with  hydrogen 
as  simple  model  fuel  confirmed  the  fundamental  feasibility  of 
CLDR,  using  nanostructured  Fe-BHA  (barium-hexaaluminate) 
carriers.  The  carriers  showed  stable,  reproducible  cyclic  redox 
behavior  with  good  capacity  and  fast  CO2  reduction  kinet¬ 
ics.  Finally,  a  simplified  reactor  model  for  a  fixed-bed  CLDR 
process  confirmed  the  feasibility  of  such  a  process  in  a  peri¬ 
odically  operated  fixed-bed  configuration,  allowing  for  much 
more  compact  and  efficient,  single-bed  processes  in  compar¬ 
ison  to  dual  circulating  fluidized  beds,  completely  avoiding 
catalyst  attrition  issues. 

The  most  significant  advantage  of  CLDR  over  existing  alter¬ 
nate  processes,  however,  may  lie  in  its  flexibility.  By  separating 
the  CO2  reduction  and  fuel  oxidation  steps  into  two  separate 
half-reactions,  the  process  becomes  fuel-flexible,  i.e.  it  can  in 
principle  be  operated  with  a  wide  range  of  fossil  and  renewable 
fuels,  and  it  can  process  highly  dilute  CO2  streams  as  long  as 
the  other  stream  constituents  do  not  negatively  interact  with 
the  carrier. 


Clearly,  more  detailed  analysis  of  CLDR  is  required.  Efficient 
operation  of  such  a  process  will  require  near-complete  conver¬ 
sion  of  the  fuel  towards  total  combustion  products.  Similarly, 
CO2  conversions  on  the  oxidizer  side  will  need  further 
improvement  over  the  result  of  the  present  proof-of-principle 
study.  Nevertheless,  the  results  support  the  fundamental  fea¬ 
sibility  of  the  proposed  process,  and  further  studies  of  the 
detailed  oxidation  and  reduction  kinetics  of  the  presented 
nanostructured  carriers  with  CO2  and  methane,  respectively, 
including  the  impact  of  Fe  particle  size,  are  currently  under 
way. 
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